The seeds of Gentiana show high diversity in size, shape and surface pattern. Until now, seeds of only a limited number of taxa have been studied in detail and their utility in the subgeneric classification of Gentiana has not been evaluated. In this study we investigated seed micromorphology of the poorly known sections Pneumonanthe, Frigidae and Isomeria. In order to evaluate the relevance of seed sculpturing for taxonomy, we selected qualitative characters of seed shape and testa ornamentation of all documented sections and performed cluster analyses based on presence and absence of coded characters. Several new scanning electron microscopy pictures of seeds provided a number of valuable characters for the subgeneric differentiation of Gentiana. The results of the cluster analyses of seed characters generally support the sectional classification given by former authors. However, the European Gentiana asclepiadea does not group together with other taxa of section Pneumonanthe, but clusters near to the strictly European section Gentiana. Gentiana froelichii, endemic to the south-east Alps and treated traditionally within section Frigidae, clusters together with taxa of the European section Ciminalis. Our results reveal that seed micromorphology supports the reassignment of some taxa incertae sedis within Gentiana. © 2010 The Linnean Society of London, Botanical Journal of the Linnean Society, 2010 ADDITIONAL KEYWORDS: cluster analysis -scanning electron microscopy (SEM) -seed micromorphology -subgeneric classification -testa ornamentation.
. Seeds can provide relatively stable character sets which are valuable for comparative studies at every level of the taxonomic hierarchy. Most taxonomic studies of seed micromorphology involve two steps: (1) the description of seed testa characters and (2) the definition of seed types. In general, such descriptive 'standardized' work largely lacks the comparative aspect, especially in the case of large data sets. Utilization of the statistical approach for establishing different types of seeds is an exception rather than a rule in taxonomic literature.
The genus Gentiana L. (Gentianaceae) comprises approximately 360 species distributed mainly in temperate, arctic and alpine habitats of the northern hemisphere. Gentiana was reduced several times since its first description as a result of the segregation of genera such as Gentianella Moench and Metagentiana T.N.Ho and S.W.Liu. Current infrageneric classifications of Gentiana sensu Ho & Liu (2001) start at the subgeneric (Halda, 1996) or sectional (Pringle, 1978 , Ho & Liu, 2001 ) levels, using simple characters of seed morphology and other features such as growth form, flower morphology, chromosome number, etc. The importance of seed morphology for taxonomic studies of Gentiana was pointed out by Kusnezow (1894), Müller (1982) , Miège & Wüest (1984) , Yuan (1993) , Omer & Qaiser (1995) , Halda (1996) , Ho & Liu (1990; 2001) and Bouman et al. (2002) . However, the utility of seed micromorphology in the sectional classification of Gentiana has never been tested on a comprehensive set of taxa.
Molecular phylogenetic studies in Gentiana (Yuan, Küpfer & Doyle, 1996; Gilley & Taberlet, 1996) revealed that the sectional positions of G. asclepiadea L. and G. froelichii Jan ex Rchb. need to be updated. Neither taxon grouped with the clade with which it had been associated prior to those analyses. The results of the above-mentioned molecular analyses are supported by karyological and growth form characters (Löve & Löve, 1972; Serebryakova, 1979; Karrer, 1997) showing important differences for G. asclepiadea and G. froelichii compared with the other taxa within the respective sections in which they were placed by other authors (Ho & Liu, 2001 ). Nevertheless, seed micromorphology of these taxa has not been re-evaluated.
Seed testa ornamentation of gentians is relatively well known from light microscopic studies (e.g. Kusnezow, 1894; Halda, 1996), but scanning electronic microscopy (SEM) offers the possibility to detect details of seed coat sculpture, which are not visible with light microscopy. Because of the small size of the seeds, SEM has been particularly useful in studying seed coat ornamentation in Gentiana. In this regard, the best-known sections are Calathianae Froel., Gentiana, Ciminalis (Adans.) Dumort., Cruciata Gaudin (see Yuan, 1993; Bouman et al., 2002) , whereas for most of the other sections detailed seed data are still lacking.
As may be seen, several aspects of gentian seed microsculpture still need to be resolved. In this paper, we aim to: evaluate the utility of seed micromorphological characters for the infrageneric classification of Gentiana by means of cluster analyses; test whether data on seed micromorphology can contribute information relating to the sectional position of G. asclepiadea and G. froelichii; and contribute additional knowledge about seed shape and testa sculpture in taxa from the poorly studied sections Pneumonanthe (Gleditsch.) Gaudin, Frigidae Kusn. and Isomeria Kusn. Ho & Liu (2001) and from personal observations. Characters that were used by Yuan (1993) for establishing seed types within section Chondrophyllae (depth of testa cell undulation and the presence of papillate structures on the anticlinal and periclinal walls) were not included in our analysis, because we could not evaluate them for the whole species set.
MATERIAL AND METHODS

SPECIES
In total, the seed microsculpture of 83 taxa at the species level has been reanalysed. Only clearly visible and measurable characters were documented. Finally, we selected 42 species that gave reliable data for cluster analyses. They represent 12 out of 15 sections accepted in the monograph of Ho & Liu (2001), which was our starting reference for the taxonomical treatment of the taxa used. Taxa from sections Otophora Kusn., Microsperma T.N.Ho and Fimbricorona T.N.Ho were not included into analysis because of lack of seed micromorphological data.
Seeds were collected from mature capsules of living or herbarium specimens. A list of voucher specimens is presented in Appendix 1. Dried seeds were arranged on stubs for investigation. The stubs were spatter-coated with gold and examined using a Philips XL30 ESEM scanning electron microscope.
This paper follows the terminology of the Systematics Association Committee for Descriptive Terminology (1962), Barthlott & Ehler (1977) , Barthlott (1981) , Stearn (1983) , Anderberg (1994) and Werker (1997) for the description of seed shape, cell shape and testa structure. Species and sectional names correspond to the classification of Ho & Liu (2001).
CHARACTER SELECTION AND CODING
Our criteria for character selection were the independency of characters and their stability within the taxa analysed (Stuessy, 1990) . Seeds provide several qualitative and few quantitative characters. Their shape is ovoid or elongate and lanceolate, or rounded. The rounded seeds in particular tend to be flattened. All above noted types can have more or less distinct wings or other testa outgrowths. We selected the characters according to their logical independence (Wilkinson, 1995) . We focused on qualitative characters of seed micromorphology that are easy to detect. Two quantitative characters (characters 7 and 8) were measured for bigger samples and their means were grouped in magnitudes that could be treated statistically like qualitative characters.
All characters were coded in a binary (presence/ absence) matrix. Multistate characters were treated as series of two-stated characters, as such coding is recommended for quantitative taxonomic studies (Sneath & Sokal, 1973; Pleijel, 1995) .
Characters of testa outgrowth (characters 1-6)
The testa of some gentians form membranous outgrowths like wings and membranous lamellae. In several cases, the outgrowth is developed only at the thinned chalazal end of the seeds (Fig. 1A) . 'Wing' is used for a single thin, flattened bicellular testa layer (Werker, 1997: fig. 5 ) and 'membranous lamellae' is used for more than one, thin flattened bicellular layers.
Six characters were defined for different types of testa outgrowth:
1. Chalazal wing: a small wing is developed at the chalazal end of the seed only ( Fig. 1A, C ; each with the winged chalazal end to the right of the elongated seed body). 
Characters of testa cells (characters 7-13)
7. Isodiametric testa cells -cells with ratio between width and length > 0.5 (e.g. Fig. 3 ).
Elongated testa cells -cells with ratio between
width and length < 0.5 (e.g. Figs 1, 2). 9. Testa cells forming honeycomb-like pits (Fig. 3 ). 10. Prominently and irregularly raised anticlinal walls ( Fig. 4A-F ). 11. Straight anticlinal walls (e.g. Fig. 1 ). 12. Curved anticlinal walls ( 
Character of the micropylar end (character 16)
16. The micropylar end is thickened forming a collarlike structure (Fig. 3D) .
Characters of seed size (characters 17-19)
We classified the longest diameter of seeds ( 
ANALYSIS OF MORPHOLOGICAL DATA
The UPGMA analysis was performed using PAUP* 4.0b4a (Swofford, 1998) measuring mean character difference with ties broken randomly, followed by a UPGMA bootstrap of 1000 replicates. For comparison, the analyses was also performed with the PAUP* 4.0b4a program using the neighbor joining (NJ) clustering method, with a mean character difference as a distance measure and NJ bootstrap of 1000 replicates. Additionally, different similarity coefficients for presence/absence coding (Dice coefficient, Jaccard coefficient and Raup-Crick index) were tested, but produced identical terminal clusters in all cases. Parsimony analysis was also performed, but it resulted in unresolved trees and is thus not presented here.
RESULTS
SPECIES SPECIFIC SEED TESTA CHARACTERS
In the descriptive part of the results, the analysed taxa are arranged according to the currently accepted classification by Ho & Liu (2001). Section Pneumonanthe is generally characterized by yellowish sparkling seeds with elongated testa cells. In G. asclepiadea elongated testa cells occur only on the seed body (Fig. 2E, F) , whereas testa cells from the wing are isodiametric (Fig. 2D, F fig. 1 ). 5. Broadly obovate seeds with straight anticlinal walls and the presence of an incomplete discoid wing -G. asclepiadea (Fig. 2C-F) .
The following species out of section Frigidae were studied: G. frigida Haenke, G. froelichii, G. nubigena Edgew. and G. microdonta Franch. (Fig. 3) . The seeds of G. frigida, G. nubigena, and G. microdonta are yellowish, elliptic in outline with isodiametric testa cells (Fig. 3A-C, G-I) . The anticlinal walls are raised. The outer periclinal walls collapse in mature seeds forming honeycomb-like pits. Inner periclinal walls have a clearly visible secondary sculpture. Additionally, the seed body is surrounded by longitudinal membranous lamellae (Fig. 3C) . (A-B) ; G. puberulenta (G-H) ; G. saponaria (I-J) ; G. spathacea (K-L). Seeds with an incomplete discoid wing. G. asclepiadea (C: seed shape; D: isodiametric testa cells from the wing; E: elongated testa cells from seed body; F: testa cells from the seed body and the wing).
Seeds of G. froelichii were investigated here for the first time (Fig. 3D-F) . They differ from seeds of other representatives of section Frigidae by their dark brown colour, elliptic shape, the collar-like structure at the micropylar end, the absence of raised anticlinal walls and honeycomb-like pits. Similar to other members of section Frigidae, the testa of G. froelichii forms membranous lamellae and the testa cells are isodiametric.
Six species were selected for analysis from section Isomeria: G. chinensis Kusn. G. glauca Pall., G. sikkimensis C.B.Clarke, G. wardii W.W.Sm. (Fig. 4) fig. 2) . Previously, only G. tubiflora (Wallich ex. Don) Griseb. has been documented (Ho & Liu, 2001); thus this study gives a better insight to the seed character variation of section Isomeria.
All species are characterized by uniform elliptic seeds with distinctly and irregularly raised anticlinal walls and the testa cells of all representatives of section Isomeria analysed form honeycomb-like pits. The cells of the epidermal layer are isodiametric and the inner periclinal walls have a readily visible reticulate structure.
Section Phyllocalyx consists of only one species -G. phyllocalyx C.B.Clarke (Fig. 4G-I ). The seed body is surrounded by an incomplete discoid wing. The latter is better visible on pressed and flattened seeds, which stem from herbarium specimens (Fig. 4G) . Additionally, the anticlinal walls of the testa cells are raised forming honeycomb-like pits and the inner periclinal walls have readily visible reticulate secondary sculpture.
CLUSTER ANALYSES
The results of the cluster analyses are presented in Figure 6 . In the UPGMA dendrogram (Fig. 6A) , 13 groups show an average distance of 0, indicating high similarity between the species included.
The sections do not show intrasectional variability except for Pneumonanthe and Chondrophyllae. All sections, with the exceptions of Kudoa and Monopodiae, cluster separately, underscoring the taxonomic importance of seed microsculpture characters for the sectional division of Gentiana. Similar grouping can be seen in the NJ dendrogram (Fig. 6B) .
In general, both dendrograms indicate that seed morphology follows in part the currently applied sec- . For instance, section Frigidae is readily distinguished by its longitudinal, bicellular, membranous lamellae, section Isomeria by irregular, strongly raised anticlinal walls without distinct membranous lamellae and section Phyllocalyx by winged seeds. In contrast, our investigation did not reveal significant intersectional differences in seed testa sculpture between the sections Kudoa and Monopodiae. All specimens studied had uniform seeds with welldeveloped raised anticlinal walls forming honeycomblike pits.
Seeds of nearly all the taxa from sections Chondrophyllae, Dolichocarpa and Cruciata are characterized by a smooth seed surface and the absence of testa outgrowths (Yuan, 1993; Müller, 1982; Miège & Wüest, 1984) . The only exception is G. pudica from section Dolichocarpa, which is characterized by the presence of an incomplete semi-wing. Nevertheless, other characters of seed microsculpture support its placement in section Chondrophyllae (Fig. 6 ). This result is in agreement with the molecular studies of Yuan & Küpfer (1997) , suggesting the inclusion of section Dolichocarpa in section Chondrophyllae.
Section Cruciata does not show significant variation in seed microsculpture (Müller, 1982; Miège & Wüest, 1984; Omer & Qaiser, 1995) . As already documented by Yuan (1993), Miège & Wüest (1984) and Omer & Qaiser (1995) , the seed surface is reticulate, with prominent thickenings of the anticlinal walls and rather narrow elongated testa cells.
Seeds of taxa from sections Ciminalis, Calathianae and Gentiana are also characterized by a low infrasectional variability, but they are clearly distinguishable from other sections (Miège & Wüest, 1984) . For example, seeds of section Gentiana are relatively large and the seed body is always surrounded by an incomplete wing. Section Ciminalis is characterized by the presence of ribbed seeds with collar-like micropylar ends and isodiametric testa cells. These characters were already reported by Miège & Wüest (1984) and the distinct cluster of G. acaulis and G. clusii met our expectations. Section Calathianae has been well studied by Müller (1982) and Miège & Wüest (1984) , who documented only a slight variation between the species with respect to the number of testa cells per seed, the outline of testa cells, the overall shape and the dimension of seeds.
The present study revealed seed morphological similarity between sections Calathianae and Chondrophyllae (Fig. 6) . Both sections are characterized by small and smooth seeds sometimes developing incomplete side wings. Other morphological characters and molecular data (Yuan et al., 1996) , however, do not support, a close relationship between the sections.
The first studies on seed morphology in G. froelichii were carried out by Kusnezow (1894), who reported that it had unique seeds but left it in section Frigidae. Ho & Liu (2001) accepted a similar sectional treatment for G. froelichii, justified by growth architecture and the presence of lamellar seeds. Our cluster analyses, on the one hand, do not support the inclusion of G. froelichii in section Frigidae, with the presence of membranous lamellae being the only character of the seed micromorphology that is shared by G. froelichii and the other taxa of section Frigidae. On the other hand, G. froelichii does not have raised anticlinal walls or honeycomb-like pits like all other representatives of section Frigidae.
According to the present analysis, G. froelichii shows some affinity to section Ciminalis (Fig. 6) , as the representatives of this section are also characterized by seeds with isodiametric cells and a collar-like structure at the micropylar end. Gross morphological data, however, do not support such a relationship between G. froelichii and taxa of section Ciminalis. A somewhat isolated position of G. froelichii is supported by karyological (Löve & Löve, 1972), molecular (Gilley & Taberlet, 1996) and morphological studies (Karrer, 1997) . Therefore, we propose to exclude G. froelichii from section Frigidae s.s., and to establish a new monotypic section for this species.
All representatives of section Pneumonanthe (excluding G. asclepiadea) are characterized by the seeds with elongated testa cells. At the infrasectional level, the seeds vary in shape, the curvature of anticlinal walls and wing types. Functionally the wing is an adaptation to wind dispersal (Boesewinkel & Bouman, 1984 , 1995 Werker, 1997; Fenner & Thompson, 2005) . Bouman & Devente (1986) concluded that wind is the prevalent dispersal vector for gentian seeds and this conclusion appears to be true for section Pneumonanthe. All seeds examined bear special adaptations, such as complete discoid wings, complete side wings or chalazal wings favouring wind dispersal. Apparently, wing formation of seeds in taxa from section Pneumonanthe involves an extension of the chalazal and micropylar ends, whereas in taxa of other sections characterized by the presence of Gentiana asclepiadea was included in section Pneumonanthe on the basis of the absence of leafy rosettes, elongated flowering shoots and the presence of winged seeds (Ho & Liu, 2001 ). The present study, however, showed that, with respect to seed characters, G. asclepiadea has more morphological affinities to section Gentiana than to section Pneumonanthe (Fig. 6) . Similar to the taxa included in section Gentiana, seeds of G. asclepiadea are characterized by the presence of isodiametric testa cells and incomplete seed wings. The close affinity of G. asclepiadea and taxa from section Gentiana has already been suggested by Yuan et al. (1996) on the basis of a phylogenetic analysis of internal transcribed spacer (ITS) sequences, although gross morphological characters apparently did not support this opinion. (Fig. 6 ). Former descriptions of gentian seed types were based mostly on single characters, whereas in the present study we used 19 evenly weighted characters of seed microsculpture. This approach, although seldom used in seed morphological studies, confirms that studies of seed testa ornamentation in plants can be of high taxonomic value, providing information that facilitates not only the identification and delimitation of different taxonomic levels, but might also give a better understanding of the evolution of taxa. 
